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SUMMARY

Tests were conducted at Mach numbers of 3.96 and 4.65 in the Langley
Unitary Plan wind tunnel to determine the static longitudinal stability
characteristics of a fin-stabilized rocket-vehicle configuration which
had a rearward facing step located upstream of the fins. Two fin sizes
and planforms, a delta and a clipped delta, were tested. The angle of
attack was varied from 6° to -6° and the Reynolds number based on model

~
length was about 10 x 10°.

The configuration with the larger fins (clipped delta) had a center
of pressure slightly rearward of and an initial normal-force-curve slope
slightly higher than that of the configuration with the smaller fins
(delta) as would be expected.

Calculations of the stability parameters gave a slightly lower ini-
tial slope of the normal-force curve than measured data, probably because
of boundary-layer separation ahead of the step. The calculated center of
pressure agreed well with the measured data. Measured and calculated
increments in the initial slope of the normal-force curve and in the
center of pressure, due to changing fins, were in excellent agreement
indicating that separated flow downstream of the step did not influence
flow over the fins. This result was consistent with data from schlieren
photographs.

INTRODUCTION

Wind-tunnel tests were conducted in the Langley Unitary Plan wind
tunnel on a 0.10-scale model of the second and third stages of a pro-
posed three-stage rocket vehicle. This configuration had a large
conical frustum located midway along the body which produced a rear-
ward facing step. It was believed that the flow downstream of the
step might separate and have an adverse effect on the flow over the



rear stabilizing fins. The tests therefore were conducted to determine
the effect of this step on the static longitidinal stability character-
istics of the vehicle.

The model was tested with two sets of wedge fins having different
areas, planforms, and wedge angles. The larger fin was a clipped delta
with & leading-edge sweep angle of 60° and a total wedge angle of 5.49,
The delta fin, which had an area approximately 28 percent less than that
of the clipped delta, had a leading-edge sweep angle of 70° and a total
wedge angle of 2.9°. Mach numbers for the tests were 3.96 and 4.65 at

Reynolds numbers of 9.55 X 106 and 12.83 x 106, respectively, based on
model length. Angle-of-attack variations were from 6° to -6°. Schlieren
photographs were taken to determine the extent of flow separation.

Calculations of the static longitudinal stability characteristics
were made and are compared with the test results.

COEFFICIENTS AND SYMBOLS

The force and moment coefficients of the model are referred to a
body system of axes. Positive directions of force and moment coeffi-
cients and angles are shown in figure 1. The moment coefficients are
presented about a moment center located 9.12 inches (2.94% body diam-
eters) forward of the model base.

Symbols used in this paper are defined as follows:

A model reference area (maximum cylindrical cross-sectional area
or base area), 0.0525 sq ft
C axial-force coefficient, Axial force
A qA
Ca.p base axial-force coefficient, Bas: axial force
) gA
. L. Pitcaing moment
Cm pitching-moment coefficient,
qAd
Cu. o pitching-moment coefficient at a = 0°
2
. Cpy
Cma pitching-moment-curve slope, ——

da
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Normal force

Cy normal-force coefficient, o
3Cy
CNOL normal-force-curve slope, S
O
d reference length (maximum cylindrical diameter, 3.1 inches)
M Mach number
q dynamic pressure, lb/sq ft
ch/d nondimensional center-of-pressure location measured from
model base
Xo distance from model base to moment center, 9.12 in.

a angle of attack, deg
TUNNEL AND APPARATUS

The tests were conducted in the high Mach number test section of
the Langley Unitary Plan wind tunnel. The test section is 4 feet square
and approximately 7 feet long. The nozzle leading to the test section
is an asymmetric sliding-block type. The Mach number may be varied
from 2.3 to 4.7 without tunnel shutdown. A complete description of the
Unitary Plan wind tunnel may be found in reference 1.

Forces and moments were measured by means of a six-component elec-
trical strain-gage balance, which was internally mounted. The balance
was attached by means of a sting to the tunnel central support system.
Angle-of-attack tests were made by means of a remotely operated, adjust-
eble angle coupling included in the tunnel central support system.
Schlieren photographs were also obtained.

MODEL AND TESTS

Dimensional details of the model are given in figure 2(a). The
model was tested with two sets of fins having different planforms, areas,
and total wedge angles as shown in figure 2(b). A photograph of the
model is shown in figure 3. The configuration having the clipped delta
fin was tested at M = 4.65 and %.96; the delta-fin configuration was



tested only at M = 4.65. A transition strip of No. 60 carborundum
grains was glued to the model three-fourths of an inch from the nose as
shown in figure 3 to insure turbulent boundary layer over the body.

The model was tested through an angle-oi-attack range of 6° to -6°
at an angle of sideslip of 0°. The stagnation temperature was 175° F
and the dewpoint was held at -30° F to prevert condensation. The tun-
nel test conditions which varied are listed in the following table:

Stagnation Dynamic Reynolds number
Mach
number pressure, pressure, based on
1b/sq in. abs 1b/sq ft model length
5.96 59 683 9.55 x 10°
4.65 109 6149 12.8% x 106

CORRECTIONS AND ACCURACY

All angle-of-attack results presented herein have been corrected
for flow misalinement and sting-balance deflections due to aerodynamic
load. The flow-angle corrections applied to the data were determined
at a station approximately midway along the model length. The upflow
present in the test section produces a variation in angle of attack
along the body length such that models of this length may show some
value of Cm,o: the pitching-moment coefficient at an angle of attack

of 0°, even when the normal force is adjustel to be zero at o = 0O.

Even though the level of pitching-momen®. coefficient would be d4if-
ferent if this Cm,o were removed, the slopes would not change and

therefore the point-to-point increments and :lope results discussed
herein may be considered accurate. The estinated accuracies of the
force and moment coefficients and angle of a'tack based on balance cal-
ibration and repeatability of data are as fol.lows:

ACR « ¢ v e e e e e e e e e e e e e e e e e e e e e e . 100015
DCm v v v o e e e e e e e e e e e e e e v e e e . . . . . *0.010
o O = - 0.1

The maximum deviation of local Mach number in the portion of the
tunnel occupied by the model is *0.045.
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The axial-force coefficients have been adjusted to a condition of
free-stream static pressure at the base of the model. Typical base
axial-force coefficients are presented in figure L.

RESULTS AND DISCUSSION

Schlieren-Photograph Data

Schlieren photographs were taken of the configuration with the
clipped delta fins and are presented in figure 5. Photographs of the
model with the delta fins were not obtained.

Two regions of separated boundary layer may be noted in figure 5
at a« = 0° one at the juncture of the 13° and 31° frustums and the other
at the base of the 31° frustum. The first separated region reattaches
at a point about three-quarters of the length of the 31° frustum. The
second separated region reattaches about one-quarter of one body diameter
downstream of the 31° frustum.

Figure 5 shows that the flow just ahead of the stabilizing fins is
attached to the body and that a strong shock wave is present on the
leading edge of the fins. Therefore, based on the data from the schlieren
photographs, it would be expected that the fins were not affected by the
second separated flow region.

Force and Moment Data

Force and moment coefficients for the delta and clipped delta fins
are presented in figures 6 to 8. Data were obtained at Mach numbers
of 3.96 and 4.65 for the clipped delta fin and at a Mach number of 4.65
only for the delta fin.

The possibility of hysteresis was anticipated (because of separa-
tion behind the 31° frustum); therefore, the angle of attack was varied
from 0° to -6°, from -6° to 6°, and from 6° to 0° in 1° increments. No
hysteresis is evident in figures 6 to 8.

As expected, the effect of increased fin area and wedge angle of
the clipped delta fin was an increase in the initial slope of the normal-
force curve and a rearward movement of the center of pressure. The
increase in the slope was approximately 12.7 percent and the rearward
shift in the center of pressure was about 0.20 body diameter. The center
of pressure for both configurations tended to move forward as the angle
of attack increased. The shift was about 0.20 body diameter from the
value at a = 0° over the angle-of-attack range tested. (See fig. 9.)



The solid curves of figure 9 represent the certer of pressure as obtained
from the following equation:

.. G

a=n

whereas the dashed curve was obtained from

), - () @

a=n «=n

The point at a = 0° was obtained from equation (2) by using values
of Cp, end Cy at a= 0°.
a

The asymmetric appearance of the center-of-pressure curve of the
clipped delta fins at M = 3.96 is due to upflow present in the test
section as is discussed in the section entitled "Corrections and Accuracy."
Computation of the center of pressure as a function of angle of attack
by the method of slopes (eq. (2)) removes thi: asymmetry.

The degree to which the separated flow behind the 310 frustum
affected the stabilizing fins cannot be determined directly from the
measured force and moment data. However, by comparison with calculated
data, as shown in the next section, it is possible to deduce a qualita-
tive effect of the separated flow on fin effectiveness.

Calculated Data
By using the method of summation of forces and moments of the var-
ious geometric shapes which make up the model configuration, CNCL

and xcp/d for the model were calculated as a function of Mach number.
The data used in calculating CNa and xcp/d are both experimental and

theoretical and may be found in references 2 .o 9.

The following table is a categorization of the geometric shapes
with the sppropriate references:
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Reference number
Geometric shape Initial normal-
force-curve Center of pressure
slope

Cone . . « « .« « . 2; 3 3; 5
Frustum . . . . . 2; 5; 6 5; 6
Cylinder . . . . . by 7 by 7
Fin . . . . . 8; 9 8; 5

An assumption necessary for the use of the method of summation and
the data of references 2 to 9 is that there is no boundary-layer separa-
tion over any portion of the body. The effect of separated flow may be
accounted for in an approximate manner by adjusting the actual geometry
of the vehicle to conform to the geometry of the separation lines (which
is, to a first order, the geometry "seen" by the flow). Such a procedure,
however, would require a prior knowledge of the separated-flow pattern,
achieved by schlieren photographs or arbitrary adjustments based on
previous experience. Therefore, the calculated data herein are based
on the actual geometry of the configuration.

Only fair agreement between the calculated and measured values of
CNa at a = 0° for the total configuration was obtained for both the

clipped delta and delta fins. (See figs. 10(a) and 10(b).) As was
noted previously, the schlieren photographs indicated two regions of
boundary-layer separation. Reference 10 shows that, for bodies which
incorporate conical frustums, boundary-layer separation and subsequent
reattachment on the frustum tend to increase CNa' Since the measured

values of C are higher than the calculated values, by about 30 per-
Ng, ’

cent at M = 4.65, it may be concluded that the boundary-layer separa-
tion at the juncture of the two conical frustums is probably the major
cause for disagreement between the measured and calculated values of
CNg for the total configuration.

Very good agreement was achieved between the measured and calcu-
lated values of xcp/d. (See figs. 10(a) and 10(b).) This agreement

was probably somewhat fortuitous since the effect of the boundary-layer
separation is not noticeable when considered from the standpoint of the
center of pressure because of the proximity of the moment center and
the frustums.



The calculated incremental changes in initial CNa and in xcp/d

due to interchanging the clipped delta with the delta fins are in excel-
lent agreement with the experimental incremental changes, as can be
deduced from the data in figure 10. These values of A.CNOL and A(xcp/d)

are about 0.016 and 0.2, respectively. Based on the schlieren-photograph
data and the agreement between the experimental and calculated values
of ACNQ and A(xcp/d) for the clipped delta and delta fins, it may be

concluded that the separated flow behind the conical step had no effect
on the fins.

CONCLUDING REMARKS

A 0.10-scale model of the second and thi-d stages of a proposed
rocket vehicle was tested at Mach numbers of 3.96 and 4.65. Two sets
of stabilizing fins, a delta and a clipped delta, were tested. The
clipped delta fins, which had the greater area and wedge angle, gave the
higher initial slope of the normal-force curve and more rearward center
of pressure as would be expected. A large conical step, located upstream
of the fins, separated the flow just downstream of the step. However,
schlieren-photograph data indicated that the region of separated flow
was not extensive enough to influence the flow over the fins. Measured
results were compared with calculated stabili.y data and the two sets
of results were in reasonable agreement. The differences between the
calculated and measured data appear to be attributable to the forces
induced in the separated region located at the juncture of the two coni-
cal frustums (or ahead of the rearward facing step).

Langley Research Center,
National Aeronautics and Space Administration,
Langley Air Force Base, Va., September 27, 1961.
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Figure 6.- Aerodynamic characteristics in pitch of the 0.10-scale model
with delta fins at M = 4.65.
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